Aims Despite differences in morphology, the genera representing 'true citrus fruit trees' are sexually compatible, and their phylogenetic relationships remain unclear. Most of the important commercial 'species' of Citrus are believed to be of interspecific origin. By studying polymorphisms of 27 nuclear genes, the average molecular differentiation between species was estimated and some phylogenetic relationships between 'true citrus fruit trees' were clarified. † Methods Sanger sequencing of PCR-amplified fragments from 18 genes involved in metabolite biosynthesis pathways and nine putative genes for salt tolerance was performed for 45 genotypes of Citrus and relatives of Citrus to mine single nucleotide polymorphisms (SNPs) and indel polymorphisms. Fifty nuclear simple sequence repeats (SSRs) were also analysed. † Key Results A total of 16 238 kb of DNA was sequenced for each genotype, and 1097 single nucleotide polymorphisms (SNPs) and 50 indels were identified. These polymorphisms were more valuable than SSRs for intertaxon differentiation. Nuclear phylogenetic analysis revealed that Citrus reticulata and Fortunella form a cluster that is differentiated from the clade that includes three other basic taxa of cultivated citrus (C. maxima, C. medica and C. micrantha). These results confirm the taxonomic subdivision between the subgenera Metacitrus and Archicitrus. A few genes displayed positive selection patterns within or between species, but most of them displayed neutral patterns. The phylogenetic inheritance patterns of the analysed genes were inferred for commercial Citrus spp. † Conclusions Numerous molecular polymorphisms (SNPs and indels), which are potentially useful for the analysis of interspecific genetic structures, have been identified. The nuclear phylogenetic network for Citrus and its sexually compatible relatives was consistent with the geographical origins of these genera. The positive selection observed for a few genes will help further works to analyse the molecular basis of the variability of the associated traits. This study presents new insights into the origin of C. sinensis.
INTRODUCTION
Aurantioideae (Rutaceae) are considered to be a monophyletic group (Scott et al., 2000; Groppo et al., 2008; Morton, 2009 ) and Ruta appears to be sister to Aurantioideae (Scott et al., 2000; Bayer et al., 2009) . Furthermore, Groppo et al. (2008) suggest that Aurantioideae should be recognized as a tribe and be included in a subfamily together with Rutoideae, Toddalioideae and Flindersioideae. Although new insights into the circumscription of the tribes of Aurantioideae have been recently released (Bayer et al., 2009; Morton, 2009) , it remains unresolved. In the classification of Swingle and Reece (1967) , which remains the most used by citrus researchers, Aurantioidae is divided into two tribes, Clauseneae and Citreae. Citreae includes, among others, subtribe Citrinae, which is in turn divided into six genera (Fortunella, Eremocitrus, Poncirus, Clymenia, Microcitrus and Citrus) that comprise the important 'true citrus fruit trees' group (Swingle and Reece, 1967; Krueger and Navarro, 2007) .
Among these genera, Citrus is by far the most economically important. It is believed to have originated in south-eastern Asia, in an area that includes China, India and the Indochinese peninsula and nearby archipelagos (Krueger and Navarro, 2007) . Citrus taxonomy is still controversial due to the large degree of morphological diversity found in the group, sexual compatibility between the species and apomixis in many genotypes. Two major classification systems based on morphological and phenotypic data are currently used, i.e. those of Swingle and Reece (1967) and Tanaka (1977) , who recognized 16 and 162 species, respectively. Here we adopt the classification system of Swingle and Reece (1967) , which is more in line with the main clustering system derived from the molecular analysis described in this report. More recently, Mabberley (1997) proposed a new classification system for edible citrus that recognizes three species and four hybrid groups. In agreement with a pioneering numerical taxonomic study (Barrett and Rhodes, 1976) , the classification system of Mabberley confirms that three main taxa [C. medica L. (citrons), C. maxima (Burm.) Osbeck ( pummelos) and C. reticulata Blanco (mandarins)] were the ancestors of cultivated Citrus. However, the subdivision into four hybrid groups remains questionable, and relatively few authors have adopted the classification system of Mabberley. More recent studies involving the diversity of morphological characteristics (Ollitrault et al., 2003) and the analysis of primary metabolites (Luro et al., 2011) and secondary metabolites (Fanciullino et al., 2006) have indicated that the phenotypic diversity of edible citrus species primarily resulted from the initial differentiation between these three basic taxa. Molecular marker studies using restriction fragment length polymorphism (RFLP; Federici et al., 1998) , random amplified polymorphic DNA (RAPD) and sequence characterized amplified regions (SCARs; Nicolosi et al., 2000) , simple sequence repeats (SSRs; Luro et al., 2001; Barkley et al., 2006) , SSR and insertion-deletion (indels; Garcia-Lor et al., 2012a) and single nucleotide polymorphisms (SNPs; Ollitrault et al., 2012a) have confirmed the central role played by these three taxa, but also pointed out that C. micrantha, a member of subgenus Papeda, is a potential parent of some limes (C. aurantifolia Christm.). Swingle and Reece (1967) differentiated between subgenera Papeda and Citrus. The genome of most of the important commercial Citrus spp. (secondary species) can be considered to be a mosaic of large DNA fragments of the ancestral species that resulted from a few interspecific recombination events .
Fortunella is generally considered to be a separate genus (Swingle and Reece, 1967) , but it closely resembles Citrus. According to Swingle (1943) , this genus includes four species (F. margarita, F. japonica, F. hindsii and F. polyandra) and Fantz (1988) included two hybrid taxa in Fortunella (F. obovata, F. crassifolia). Its origin is northern China, and it is well adapted to cold areas due to its propensity for prolonged winter dormancy and late flowering. Its fruits, commonly called kumquats, are edible, and Fortunella trees are appreciated for their ornamental qualities. Poncirus is another genus that originated in northern China, and for a long time it was considered to be monotypic (P. trifoliata). However, a new species belonging to this genus, P. polyandra, was found in Yunnan (China) in the 1980s (Ding et al., 1984) . Poncirus trifoliata is the only species of 'true citrus fruit trees' with deciduous leaves. It is highly tolerant to cold and resistant to several citrus pathogens. It is therefore an important source of germplasm for citrus rootstock breeding.
According to Krueger and Navarro (2007) , Microcitrus includes five species that originated in Australia (M. australis, M. australasica, M. inodora, M. garrowayii and M. maindeniana) and two from Papua New Guinea (M. papuana and M. warbugiana). Microcitrus australasica, finger lime, is cultivated on a small scale for its fruit with aromatic, spherical juice vesicles. Eremocitrus is a monospecific genus (E. glauca) that is native to the Australian desert. This genus is cold-tolerant and xerophytic. Eremocitrus and Microcitrus are closely related, morphologically and molecularly (Swingle and Reece, 1967; Bayer et al., 2009) . They are graft-compatible with Citrus and other related genera.
Despite considerable morphological differentiation, Citrus, Fortunella, Poncirus, Microcitrus and Eremocitrus are sexually compatible genera (Krueger and Navarro, 2007) . Studies based on plastid sequences (Abkenar et al., 2004; Morton, 2009; Bayer et al., 2009) concur that the six genera of tribe Citrinae (Fortunella, Eremocitrus, Poncirus, Clymenia, Microcitrus and Citrus) form a clade. However, these authors did not fully agree on the organization within this clade. Clymenia polyandra appeared in the same subclade as Citrus, Fortunella and Poncirus in the analyses of Abkenar et al. (2004) , but Morton (2009) and Bayer et al. (2009) found it in the Eremocitrus and Microcitrus subclade. Moreover, Bayer et al. (2009) included Oxanthera and Feroniella in the clade of the true citrus fruit trees. To analyse the gene pool of true citrus fruit trees, with potential gene flow between sexually compatible taxa, some of which share the same diversification area, phylogenetic analysis based on nuclear sequences should be more informative than the analysis of maternally inherited plastid sequences (Ramadugu et al., 2011) . However, the phylogenetic relationships between true citrus fruit trees based on the analysis of nuclear genomes have not been clearly elucidated.
In genetic studies of Citrus, SSR analysis (Gulsen and Roose, 2001; Luro et al., 2001 Luro et al., , 2008 Barkley et al., 2006; Ollitrault et al., 2010 ) is seen as a powerful tool because SSRs are co-dominant, randomly dispersed throughout the plant genome, generally highly polymorphic and locusspecific. However, Barkley et al. (2009) showed that homoplasy might limit the usefulness of SSRs as tags to elucidate the phylogenetic origin of specific DNA fragments in citrus. Moreover, the high mutation rate of SSRs can often lead to an underestimation of subpopulation divergence (Coates et al., 2009) . In recent studies, Garcia-Lor et al. (2012a) and Ollitrault et al. (2012b) analysed the value of nuclear indels as genetic markers in Citrus. These studies showed that indels are more suitable than SSRs for differentiating between the three basic taxa of cultivated Citrus. However, the relatively low frequency of indels limits their utility.
SNPs are the most abundant type of DNA sequence polymorphism (Brookes, 1999) . Due to the high frequency of occurrence of SNPs and their relatively dense and uniform distribution in genomes, SNPs are an important source of variability and are therefore useful for many applications, including the development of saturated genetic maps, cultivar identification, detection of genotype/phenotype associations and marker-assisted breeding (Botstein and Risch, 2003; Morales et al., 2004; Xing et al., 2005; Lijavetzky et al., 2007) . The frequency of occurrence of SNPs in the genomes of eukaryotes depends on the domestication and breeding history, mating system and frequency of mutation, recombination and other features (Buckler and Thornsberry, 2002; Rafalski and Morgante, 2004) . Although individual SNPs are less informative than other marker types for population genetic studies because of their biallelic nature, they have several advantages over other marker types due to the high frequency of SNP occurrence, the easy automation of SNP genotyping, the low-scoring error rates and the high levels of reproducibility of SNP analysis results between laboratories (Morales et al., 2004; Helyar et al., 2011) .
Many efforts have been made to detect SNPs in plants. SNPs have been used to perform comparative diversity analysis and genotyping, to reveal genetic structures and to assess molecular evolutionary patterns in many plant species including Norway spruce (Heuertz et al., 2006) , sunflower (Kolkman et al., 2007) , grapevine (Lijavetzky et al., 2007) , European aspen (Ingvarsson, 2005) and eucalyptus (Külheim et al., 2009) . Some studies have been performed in Citrus, but these studies were generally limited due to narrow genetic basis of the discovery panel. Novelli et al. (2004) searched for SNPs among several sweet orange lines. Terol et al. (2008) identified 6617 putative SNPs from Nules clementine BAC end sequences, from which 622 were successfully transferred to the entire genus using GoldenGate array technology . Dong et al. (2010) mined SNPs from sweet orange and satsuma mandarin expressed sequence tag (EST) databases.
The ascertainment bias associated with a low genetic basis of the discovery panel has been widely discussed for humans and animals (Clark et al., 2005; Rosenblum and Novembre, 2007; Albrechtsen et al., 2010) , and it was observed for Citrus at the genus level when diversity studies with SNP markers mined in clementine were performed . It is therefore important to develop a good sampling strategy for SNP discovery (Garvin et al., 2010; Helyar et al., 2011) that would help to elucidate the true differentiation level between basic taxa and related genera at the nuclear level.
In the present study, we searched for SNP and indel polymorphisms in 45 accessions of Citrus, Poncirus, Fortunella, Microcitrus and Eremocitrus, with Severinia buxifolia employed as outgroup, using Sanger sequencing of amplified DNA fragments from 18 genes involved in primary and secondary metabolite biosynthetic pathways that determine citrus fruit quality (sugars, acids, flavonoids and carotenoids) and nine putative salt tolerance genes. In addition to the identification of useful intra-and interspecific SNP and indel markers, this study addresses the following questions: (1) What are the phylogenetic relationships at the nuclear level between different Citrus spp. and between genera? (2) What is the level of intra-and interspecific diversity between the Citrus taxa at the origin of the cultivated forms? (3) Did the evolution of genes involved in different metabolic pathways and some putative stress adaptation genes follow a similar neutral pattern regarding the history and reproductive biology of Citrus, or did some genes experience selective evolution? (4) What is the phylogenetic inheritance pattern of the analysed genes in secondary Citrus spp.?
MATERIALS AND METHODS

Plant material
Leaf material from 44 true citrus accessions and one relative (Severinia buxifolia) used as the outgroup (Supplementary  Data Table S1 ) was collected, and DNA was extracted using the DNeasy plant mini kit (Qiagen S.A., Madrid, Spain). The samples represented all major Citrus species (seven C. reticulata, five C. maxima, five C. medica and four representatives of subgenus Papeda) and five Fortunella spp., two Microcitrus spp., one Eremocitrus sample and three Poncirus trifoliata, all of which are sexually compatible with Citrus. These eight groups are considered to be ancestral populations. Some representatives of secondary species were added (two diploid clementines and one haploid clementine, two C. sinensis, two C. aurantium, one C. paradisi, one C. limon and one C. aurantifolia) and two hybrids, including one tangor (C. reticulata × C. sinensis) and one tangelo (C. paradisi × C. reticulata). These 12 genotypes are known to be hybrids derived from the ancestral populations and are economically important cultivars. Haploid clementine (Aleza et al., 2009 ) is currently being used by the International Citrus Genome Consortium to establish the whole genome reference sequence of citrus. It was used in the present study to test whether some genes were duplicated. Forty-two accessions were obtained from the IVIA Citrus Germplasm Bank of pathogen-free plants (Navarro et al., 2002) , and three were obtained from the INRA/ CIRAD collection. All accessions were used for Sanger sequencing of gene fragments and indel and SSR genotyping.
Gene fragment sequencing
Eighteen genes involved in primary and secondary metabolite biosynthesis pathways that determine citrus fruit quality (sugars, acids, flavonoids and carotenoids) and nine putative salt tolerance genes were selected. Selection of the 27 gene fragments was based on the quality of sequencing chromatograms for all genotypes. Primers were designed using Primer3 (Rozen and Skaletsky, 2000) to amplify fragments ranging from 190 to 941 bp, according to the ESTs available in GenBank (http:// www.ncbi.nlm.nih.gov/genbank/; Table 1 ). PCR amplifications were performed using a Mastercycler Ep Gradient S thermocycler (Eppendorf ) in a final volume of 25 mL containing 0 . 027 U mL 21 Taq DNA polymerase (Fermentas), 1 ng mL 21 of genomic DNA, 10× PCR buffer (Fermentas), 0 . 2 mmol of each dNTP, 1 . 5 mM MgSO 4 and 0 . 2 mmol of each primer. The following PCR programme was applied: denaturation at 94 8C for 5 min and 40 cycles of 30 s at 94 8C, 1 min at 55 or 60 8C (according to the melting temperature of the primers), 2 min at 72 8C, and a final elongation step of 4 min at 72 8C. PCR product purification was done using a QIAquick PCR Purification Kit (Qiagen S.A.). Amplicons of the 45 genotypes were sequenced using the Sanger method from the 5 ′ end using fluorescently labelled dideoxynucleotides (Big Dye Terminator Cycle Sequencing Kit v3 . 1).
Sequence polymorphism analysis
Sequences were aligned using BioEdit (Hall, 1999) , SeqMan version 7 . 0 (http://www.dnastar.com) and SATé-II (Liu et al., 2012) . The homogeneity of the alignment obtained with the three software programs was checked and heterozygosity or homozygosity of all genotypes was verified visually in the chromatogram for all SNP positions. Estimates of nucleotide polymorphisms (segregating sites, S, nucleotide diversity, p) and between-species divergences were obtained using DnaSP v. 5 . 10 . 01 (http://www.ub.es/dnasp). The genomic DNA sequences were subjected to blast analysis using the protein databases (blastx) of NCBI to identify the coding and non-coding regions. DnaSP was also used to calculate the statistical test of neutrality, Tajima's D (Tajima, 1989a, b) .
For each target gene fragment, the haplotype number and the haplotype diversity were estimated with DnaSP software using coalescent process simulations. Unbiased expected heterozygosity, observed heterozygosity, fixation index value (F w ; Wright, 1978) and the Fstat parameter (F st ) were calculated using GENETIX v. 4 . 03 (Belkhir et al., 2002) . 
Indel marker development
Primer pairs for 12 indel markers are already available for the true citrus fruit trees group . New primer pairs for genes with indel polymorphisms were designed with Primer3 in conserved regions flanking the indel polymorphism (http://biotools.umassmed.edu/bioapps/ primer3_www.cgi; Supplementary Data Table S2 ) to amplify fragments smaller than 400 bp that were subsequently subjected to fragment size polymorphism analysis in a capillary fragment analyser as described by Garcia-Lor et al. (2012a) .
SSR markers
The 50 SSRs markers used for the diversity analysis in Citrus by Garcia-Lor et al. (2012a) were used to complete the genotyping for the accessions of the other genera. The list of primers that were used, the PCR conditions that were employed and the method used for capillary electrophoresis can be found in Garcia-Lor et al. (2012a) .
Phylogenetic analysis
Phylogenetic analysis was performed by joining the 27 sequences together for each genotype (eight taxa), creating a sequence with a total length of 16 238 bp. Indels were excluded from the analysis. Several analyses were performed to determine which model best matched our data using the Phylemon 2 . 0 website (http://phylemon.bioinfo.cipf.es; Sánchez et al., 2011) , which integrates different tools for molecular evolution, phylogenetics, phylogenomics and hypothesis testing. PhyML Best AIC Tree (v. 1 . 02b) software, which uses a model test program (Posada and Crandall, 1998 ) that performs hierarchical likelihood ratio tests (LRTs) in an ordered way using Akaike's information criteria (AIC), was used to select the model that most closely fitted the data (lowest AIC value), taking into account the nucleotide substitution model, the proportion of invariable sites (I ), the nucleotide frequency (F ) and the gamma distribution (G).
Construction of the maximum-likelihood (ML) tree was performed using 1000 bootstraps to assess the branch support using the SH-like approximate likelihood ratio test (ranges from 0 to 1), assuming uniform rates among sites and deleting gaps and missing sites. Trees obtained in Phylemon (newick format) were drawn using the TreeDyn 198 . 3 tool found at www.phylogeny.fr (Dereeper et al., 2008) .
Neighbour-joining (NJ) analysis
Population diversity organization based on the SNP data was analysed with DARwin software (Perrier and JacquemoudCollet, 2006) as explained by Garcia-Lor et al. (2012a) .
Principal coordinate analysis (PCoA)
PCoA was performed using GENEALEX6 software (Peakall and Smouse, 2006) . The genomic sequence data were used to obtain a pairwise genetic distance matrix, which was standardized and used for PCoA.
RESULTS
SNP and indel discovery and analysis of polymorphic loci diversity
SNPs. SNPs were not encountered in any of the 27 genetic sequences of haploid clementine. This confirms that there were no duplicated genes in our sample of 27 genes. A total of 16 238 bp were sequenced for each of the accessions analysed, from which 10 427 bp were coding regions and 5811 bp were non-coding sequences ( 21 were found in non-coding regions. In the true citrus fruit trees, most of the SNP loci were biallelic, but 21 (1 . 86 %) revealed three alleles. Among the polymorphisms described, 59 . 18 % were transitions (A/G ≈ C/T) and 40 . 82 % were transversions (A/C ≈ A/T . G/T . C/G). For the true citrus fruit trees, but excluding secondary Citrus spp., the average polymorphism rate was 51 . 21 in non-coding regions). Large differences in the number of polymorphic loci were observed among close relatives, including Fortunella (227), Microcitrus (171), Eremocitrus (93) and Poncirus (53). Among the secondary species and hybrids, C. aurantium had 211 polymorphic sites, C. limon had 173, C. sinensis had 162, C. aurantifolia had 158, C. paradisi had 115 and clementine had 119. Among the 31 alleles found exclusively in the secondary species (not present in any other true Citrus spp.), 15 were heterozygous in C. aurantium. Four of these alleles (found in the genes INVA, LCY2, DXS and AOC) were shared with C. limon.
The average rate of heterozygosity observed in the eight ancestral taxa was low (H o ¼ 0 . 051), and 27 . 79 % of the SNPs detected were homozygous in all individuals (H o ¼ 0). The most heterozygous site was at locus F3 ′ H (SNP51), with an H o ¼ 0 . 39. We estimated the average rates of inter-accession polymorphism (SNPs kb
21
) within and between the ancestral taxa (Table 3) . Considering only Citrus spp., the average rates of intra-and inter-taxon polymorphisms were 1 . 76 and 11 . 31 SNPs kb
, respectively. Intra-taxon SNP rates varied from 0 . 65 for C. maxima to 3 . 37 for Papeda (C. hystrix, C. inchangensis, C. micrantha). Interspecific rates in Citrus varied from 8 . 56 between C. reticulata and Papeda to 14 . 43 between C. medica and Papeda. The SNP rate between C. reticulata and C. maxima, the two species believed to have given rise to C. sinensis, C. aurantium, C. paradisi and clementine, was 10 . 16 SNPs kb
. Comparing genera, the lowest density of SNPs was found in Poncirus trifoliata (0 . 55 SNPs kb 21 ), but the highest level of inter-species differentiation was found between the latter and C. medica (18 . 18 SNPs kb 21 ).
The average number of SNPs per kb that were specific to one taxon (observed at least in one genotype of the considered taxon but not in other taxa) was similar for C. reticulata, C. medica, Papeda, Fortunella and Poncirus, with an average of 6 . 6, but lower rates were observed for Microcitrus (4 . 93), C. maxima (4 . 25) and Eremocitrus (3 . 3). No polymorphisms were observed between accessions of the same secondary species when two cultivars per species were studied (clementine, C. sinensis, C. aurantium).
Indels. Fifty indel polymorphisms were found. The average indel frequency in coding regions was 0 . 66 per kb, and the non-coding regions contained an average of 7 . 58 per kb. The most frequent indel was a mononucleotide (20 out of 50), but di-, tri-, tetra-and hexa-nucleotides were also abundant (20 out of 50 in total). Larger indels were less common. The largest indel, 56 bp long, was found in the PKF gene.
Comparison of diversity revealed at the intra-and inter-taxa level by SNPs, indels and SSRs
We compared the diversity structures revealed by the identification of SNPs, indel markers defined from mined indel polymorphisms and 50 SSR markers [ previously used by Garcia-Lor et al. (2012b) , and the primers for the 13 remaining markers can be found in Supplementary Data Table S2 .
Averaged data for all of the SNP, indel and SSR loci analysed in this study are presented in Table 4 . The lowest average number of alleles (n) and the observed (H o ) and expected heterozygosity (H e ) in the combined eight taxa were revealed in the SNP markers (n ¼ 2 . were similar to F w values, indicating that the taxon subdivision represents most of the genetic stratification. SNPs and indels revealed a higher inter-taxon structure than SSRs. At the intraspecific level, the only taxon that showed a consistently higher level of heterozygosity than was expected for all three marker types was Poncirus trifoliata.
Statistical test of neutrality and haplotype structure in the true citrus fruit trees excluding secondary cultivated Citrus spp. and hybrid cultivars
The nucleotide variation observed for the gene sequences analysed is summarized for each taxon in Table 5 , and the data presented for each gene are provided in Supplementary Data Table S3 . Average total nucleotide diversity ( p T ) was 0 . 012 for the entire sample set, ranging from 0 . 003 for citron to 0 . 009 for the Papeda group. Nucleotide diversity in silent and synonymous substitution sites was similar between the taxa and for the entire population, but non-synonymous nucleotide diversity was 3 . 52 times lower than the synonymous one (average p nonsyn ¼ 0 . 006). The non-synonymous substitution rate varied from 0 . 000 (PEPC, ACO and PIP1) to 0 . 010 (CHI, PSY, NADK), and the ratio of non-synonymous to synonymous diversity ranged from 0 . 000 at PEPC (high conservative selection) to 2 . 273 at the EMA locus, which suggests that selective constraints and/or the history of adaptive evolution vary between genes. The average non-synonymous/silent substitution rate was 0 . 345 for all of the genes and the entire population, indicating purifying selection. Within taxa, only the C. reticulata group at the HYB locus ( p nonsyn /p syn ¼ 1 . 421) and the F3 ′ H locus ( p nonsyn /p syn ¼ 1 . 767) displayed higher non-synonymous than synonymous diversity. There were some groups with null synonymous mutations in the exons, so the p nonsyn /p syn ratio was not possible to calculate. In the entire sample set, several loci displayed a non-synonymous/ synonymous ratio . Table S3 ).
The average number of haplotypes per locus in the entire population was 28 . 33, with a maximum value of 5 . 185 haplotypes in Fortunella and a minimum value of 1 . 778 in Eremocitrus. Regarding the four main ancestors in Citrus, Papeda had the highest number of haplotypes (4 . 519), followed by C. reticulata (4 . 407), C. maxima (3 . 222) and C. medica (2 . 037). At the intra-taxon level, haplotype diversity ranged from 0 . 871 for Papeda to 0 . 296 for C. medica (Table 5) .
Phylogenetic analysis
Among all of the models tested via the Phylemon website, the model with the best fit was TVM + I + G + F (with SH-like branch supports alone). This model takes into account the nucleotide substitution model TVM 'transitional model' (five substitution classes: AC, AT, CG, GT, AG ¼ CT), the proportion of invariable sites (I), the nucleotide frequency (F) and the gamma distribution (G). The phylogenetic relationships between Citrus species and their relatives inferred from the ML method using this model are shown in Fig. 1 . Branch support (BS) is given for all branches. The different true citrus fruit tree genotypes were rooted using Severinia buxifolia as outgroup. The first two clades (A and B) are each divided in two subclades. Clade A has a medium BS (0 . 78), joining a subclade A1 (BS ¼ 0 . 98) of two Papeda species (C. hystrix and C. ichangensis) and a strong subclade A2 (BS ¼ 0 . 94) including all Poncirus trifoliata (monospecific subclade A2 . 1, BS ¼ 1), all C. reticulata accessions (monospecific subclade A2 . 2 . 1, BS ¼ 1) and all Fortunella accessions (monogeneric subclade A2 . 2 . 2, BS ¼ 1). Fortunella and C. reticulata are joined in a subclade A2 . 2 with a low BS (0 . 32). In the other part of the tree, clade B (low BS ¼ 0 . 32) includes two groups. The first group, B1 (BS ¼ 0 . 96), is divided into three highly supported specific subclades, C. maxima accessions (B1 . 1; BS ¼ 1), C. micrantha (B1 . 2; only one accession) and C. medica (B1 . 3; BS ¼ 1) accessions. The second subclade, B2 (BS ¼ 1), includes Microcitrus and Eremocitrus, two strongly associated genera of Australian origin. Papeda is the only group that does not display a monophyletic structure; the accessions of each of the other groups (Poncirus, C. reticulata, Fortunella, C. maxima and C. medica, Microcitrus and Eremocitrus) are all joined in specific clades clearly differentiated from the other taxa.
This phylogenetic structure is similar, for several strong groupings, to the structure observed using NJ analysis based on SNP data (Fig. 2) . In the NJ tree, the association between C. reticulata and Fortunella (BS ¼ 0 . 96) is maintained, as are the C. maxima/C. medica (BS ¼ 0 . 8) and Microcitrus/ Eremocitrus (BS ¼ 1) associations. The Papeda group is shifted from one group to the other. Poncirus trifoliata appears as the most distant species, i.e. it is the first one that separates from the others. This in agreement with the high level of differentiation of Poncirus with all other taxa (Table 3) .
When the secondary species and interspecific hybrids were added to the analysis (Supplementary Data Fig. S1 ), the NJ representation was modified and the relationships described before are not maintained. Citrus reticulata appears to be more closely related to C. maxima than to Fortunella, and C. medica is not as closely related to C. maxima, as was suggested by the Phylemon and Darwin analysis that excluded the hybrid genotypes.
Genome structure of citrus secondary species and hybrids
We used factorial analysis to examine the potential contribution of the ancestral species to the inheritance of 27 genes in secondary cultivated species (Table 6 ). For the SNPs of these 27 genes, almost 70 % of the diversity in Citrus spp. is explained by the first two axes (Fig. 3) . The basic Citrus taxa are clearly distinguished. Secondary species are positioned between their putative parental gene pools: C. sinensis between C. maxima and C. reticulata, C. paradisi between C. sinensis and C. maxima, C. limon between C. aurantium and C. medica, and C. aurantifolia between C. medica and C. micrantha (Fig. 3) . With the goal of performing a gene-by-gene analysis of the phylogenetic inheritance in the secondary species, we performed a PCoA for each gene using the basic taxa of cultivated citrus as active individuals, and we projected the secondary species genotypes onto the defined axes. The phylogenetic inheritance was inferred from the position of the secondary species in the PCoA relative to the ancestral species and the analysis of SNP allelic locus configurations. The genetic structure of the FLS locus (Fig. 4) is presented as an example of phylogenetic assignation. Grapefruit, sweet orange, sour orange, tangor 'King' and tangelo 'Orlando' are in an intermediate position between the C. reticulata (mandarin; M) and C. maxima ( pummelo; P) groups. It was therefore assumed that these species should have inherited one allele of this gene from each of these ancestral groups (interspecific heterozygosity MP). This was confirmed by examining the allelic configuration at each SNP locus. Using the same approach, lemon appears to be heterozygous (MC) for the C. reticulata and C. medica (citron; C) alleles, whereas clementine appears to have inherited two C. reticulata alleles (MM).
For most genes (18/27) clementines appear to have inherited C. reticulata alleles in phylogenetic homozygosity. However, nine genes appear to be heterozygous between C. reticulata and C. maxima. For all the genes analysed, the estimated contribution of C. reticulata was 83 . 3 %, and the estimated contribution of C. maxima was 16 . 7 %.
Citrus sinensis appears to contain more alleles from C. reticulata (59 . 3 %) than from C. maxima (40 . 7 %). It inherited two alleles from C. maxima (PP) for three genes and two alleles from C. reticulata (MM) for eight genes. The remainder of the genes are phylogenetically heterozygous with alleles from both gene pools (MP).
Citrus paradisi has 11 genes solely inherited from C. maxima, whereas the remaining genes were heterozygously inherited from C. maxima and C. reticulata. The contributions from the parental lines were therefore 70 . 4 % for C. maxima and 29 . 6 % for C. reticulata.
Citrus aurantium contains two loci with parental origins that were not possible to define due to the presence of specific alleles at the SNP loci. The other loci were heterozygous for C. maxima/C. reticulata alleles (MP). Therefore, for the loci with complete phylogenetic assignation, the contributions of C. maxima and C. reticulata were each 50 %.
Citrus aurantifolia contains three genes with phylogenetic origins that were not possible to infer. Most of the other genes showed interspecific heterozygosity between C. medica and Papeda. However, CHI appeared to be homozygous for C. medica alleles (CC). Therefore, for the 24 genes that could be analysed, the contributions of C. medica and Papeda were 53 and 47 %, respectively.
Citrus limon showed the most diverse combination of parental contribution patterns. Twenty genes resembled a combination of C. medica and C. reticulata genes, six genes resembled a combination of C. medica and C. maxima genes, and one locus could not clearly be identified. For the genes that could be identified, C. medica contributed 50 %, C. reticulata contributed 38 . 5 % and C. maxima contributed 11 . 5 % to the C. limon genome.
'King', which is assumed to be a tangor (C. reticulata × C. sinensis), and tangelo 'Orlando' (C. paradisi × C. reticulata) contained some genes that exhibited interspecific heterozygosity (C. reticulata and C. maxima; MP) and some that displayed monospecific inheritance (MM or PP Riju et al., 2007) . In Citrus, these results are in agreement with results reported by Dong et al. (2010) , Terol et al. (2008) and Novelli et al. (2004) . In contrast, the transition fraction was found to be substantially higher in poplar (70 %; Tuskan et al., 2006) .
The nucleotide diversity value observed in the true citrus fruit trees and in C. reticulata 
M, mandarin; P, pummelo; C, citron; PAP, Papeda; ?, origin not known. See Table 1 for gene abbreviations. Sachidanandam et al., 2001) . Compared with the diversity data in Citrus obtained with SNPs mined in clementine , it appears that the relative diversity levels of the three basic taxa were quite different. Indeed, the Nei diversity values (H e ) of C. maxima and C. medica over C. reticulata were 0 . 23 (0 . 063/0 . 279) and 0 . 20 (0 . 057/0 . 279), respectively, whereas the values obtained in the present study were 0 . 53 (0 . 036/0 . 067) and 0 . 33 (0 . 022/0 . 067), respectively, confirming the conclusion of Ollitrault et al. (2012a) that the ascertainment bias due to the scarcity and specificity of the discovery panel of the SNPs mined in clementine resulted in an overestimation of the relative diversity within C. reticulata. Analysis of the average inter-accession polymorphism within and between species reveals that for the three basic taxa of cultivated Citrus (C. reticulata, C. maxima, C. medica), the ratios between and within species were high. For example, within C. reticulata and between C. reticulata and C. maxima, the ratio was close to 6 . 6 (10 . 16/1 . 54). Therefore, the analysis of SNP density along the genome should help differentiate between genomic regions with interspecific heterozygosity (MP for example) and those that result from intraspecific inheritance (MM or PP, for example) in the genomes of secondary species. The information obtained by studying the allelic diversity of the analysed genes will allow us to optimize molecular tools for both genomic and transcriptomic studies. The identification of conserved areas can be used to develop primers or hybridization sequences to limit sources of bias such as null alleles or differential allelic PCR competition or hybridization. Identification of the different alleles of these genes also opens the way for allele-specific expression studies.
The frequencies of indels per kb in the true citrus fruit trees species were 0 . 66 and 7 . 58 in exon and intron sequences, respectively. These frequencies are comparable to values reported for other species such as maize (18 genes studied, 6935 bp), where 0 . 43 and 11 . 76 indels kb 21 were found in coding and non-coding regions, respectively (Ching et al., 2002) , and Brassica (557 clone sequences, 1396 498 bp), with 0 . 45 and 7 . 42 indels kb 21 in coding and non-coding regions, respectively (Park et al., 2010) . In melon (34 ESTs sequenced, +15 000 bp), indels occurred less frequently in introns (approx. 0 . 60 kb 21 ), and no indels were found inside coding regions (Morales et al., 2004) . In grapevine (230 gene fragments sequenced, .1 Mb), low levels of indel polymorphism were found, with 0 . 11 and 2 . 25 indel kb 21 in coding and non-coding regions, respectively (Lijavetzky et al., 2007) .
Considering the eight basic taxa together, the fixation index (F w ) values and the differentiation index values (F st ) between taxa obtained using three types of markers (SSRs, SNPs, indels) confirmed the high degree of stratification in differentiated taxa with limited gene flows. However, the levels of diversity revealed by the three types of markers were quite different. The indel markers developed in this study confirmed that indels are efficient tools for interspecific differentiation, as demonstrated by Garcia-Lor et al. (2012a) and Ollitrault et al. (2012b) . The indel markers developed in this study had an average Fst value of 0 . 596, similar to that obtained using SNP markers (F st ¼ 0 . 644), whereas with 50 SSR markers analysed for the same accessions, the F st value was only 0 . 392. In contrast, the SNP loci and indels mined from our much diversified interspecific panel appeared, on average, to be less polymorphic to describe intraspecific polymorphism. However, in our study, which includes several genotypes for each species, we also identified numerous SNP loci that revealed intraspecific diversity that should be useful for germplasm characterization and management. Unlike SSRs and indel sequences, SNPs can be employed in high-throughput screening and in relatively low-cost genotyping methods. Their utility is limited, however, due to the fact that they are usually present only as diallelic polymorphisms.
Evolution of citrus genes
In true citrus fruit trees, the average ratio of nonsynonymous to silent SNP rates per site ( p nonsyn /p sil ) was 0 . 345. In Citrus spp. similar values were found in C. reticulata (0 . 385) and C. medica (0 . 339), but a higher value in C. maxima (0 . 577). This is higher than the 0 . 17 and 0 . 21 ratios observed in white spruce (Pavy et al., 2006) and in Arabidopsis thaliana (in a study of 242 genes; Zhang et al., 2002), respectively. These relatively low values indicate that, on average, white spruce open reading frames and nuclear genes in A. thaliana are probably under higher purifying selection pressure than the genes of true citrus fruit trees. This can probably be attributed to the wide diversity encompassed by true citrus fruit trees and the high genetic and phenotypic differentiation between the different taxa that have experienced allopatric evolution (even if they are still sexually compatible). The minimum value of p nonsyn /p sil in our entire data set was 0 at the PEPC locus, and the maximum value was 1 . 09 at the NADK2 locus. The non-synonymous substitution rate varied from 0 . 000 in PEPC to 0 . 010 in CHI, which suggests that selective constraints vary between loci .
In the carotenoid biosynthetic pathway, different key steps have been found to be associated with differentiation between cultivated Citrus spp. (Kato et al., 2004; Fanciullino et al., 2006 Fanciullino et al., , 2007 . Several studies have tried to clarify the regulation of carotenoid biosynthesis (Rodrigo et al., 2004; Kato et al., 2004; Kim et al., 2001) , but this regulation has not yet been fully elucidated.
PSY drives the formation of phytoene, the first product in the carotenoid biosynthetic pathway and a major step in the differentiation between cultivated basic taxa (Fanciullino et al., 2006 (Fanciullino et al., , 2007 . Considering the eight taxa studied, it appears that PSY is under positive selection ( p nonsyn /p syn ¼ 3 . 533) and is associated with a high level of allelic differentiation between the taxa (F st ¼ 0 . 750), which is higher than the average. There were nine sites with SNP polymorphisms between C. reticulata and the other taxa that produced changes in the amino acid composition that may be responsible for their differentiation. In contrast, in C. reticulata, no changes were found (excepted for one heterozygous change in the cultivar 'Ponkan'). Further functional analysis of the different alleles of this gene should provide insights into the molecular basis of phenotypic differentiation.
LCYB is a key enzyme required for the conversion of lycopene into b-carotenoids (Fanciullino et al., 2006; Alquézar et al., 2009) . Fanciullino et al. (2007) proposed that allelic variation at this locus should strongly limit this biosynthetic step in C. maxima. The numerous amino acid changes observed in C. maxima compared with C. reticulata might be associated with this limitation due to changes in the functionality of the pummelo allele.
HYB also plays a major role in the carotenoid biosynthetic pathway (Fanciullino et al., 2006) by catalysing the transformation of b-carotene into b-cryptoxanthin and zeaxanthin. Citrus reticulata produces these compounds, whereas C. maxima does not convert b-carotene into b-cryptoxanthin and zeaxanthin and C. medica only convert b-carotene into b-cryptoxanthin. In C. reticulata, the ratio between nonsynonymous/synonymous substitutions was higher than one ( positive selection) at the HYB locus, which might be related to the significant variation in b-cryptoxanthin levels found among C. reticulata cultivars (Fanciullino et al., 2006) . The b-cryptoxanthin content greatly enhances fruit colour and has probably been under human-induced selection during domestication.
In the flavonoid pathway, positive selection was found to occur in C. reticulata at the F3 ′ H locus, which belongs to the cytochrome P450 family and catalyses the hydroxylation of flavonoids at the 3 ′ position of the B-ring, leading to the production of hydroxylated flavonols, proanthocyanidins (condensed tannins) and anthocyanins (Winkel-Shirley, 2001 ). This gene plays an important role in flavonoid biosynthesis in Arabidopsis (Schoenbohm et al., 2000) and grapevine (Bogs et al., 2006) and was previously isolated in clementine by Garcia-Lor et al. (2012b) . Schoenbohm et al. (2000) demonstrated that, in yeast, this enzyme could convert naringenin or dihydrokaempferol into eriodictyol or dihydroquercetin, respectively. Therefore, the changes in non-synonymous amino acid composition in the mandarin group (C. reticulata) may be associated with the different flavonol compositions found in some studies (Gattuso et al., 2007) . At the CHI locus, a greater number of non-synonymous vs. synonymous substitutions were not found to have occurred in the eight subpopulations studied, but at the interspecific level, the ratio was higher than 1, meaning that the gene was probably subject to positive selection during the interspecific differentiation process. This gene controls the second step of the flavonoid biosynthetic pathway (Winkel-Shirley, 2001) , and it was shown that it can alter flavonoid levels in citrus leaves (Koca et al., 2009) . Understanding F3 ′ H and CHI regulation and allelic functionality could be important for the analysis of molecular determinants of flavonoid composition in citrus fruits.
In the biosynthesis of acidic compounds, EMA displayed non-synonymous/synonymous ratios greater than 1 ( p nonsyn / p syn ¼ 2 . 273) and evidenced positive selection at the interspecific level. EMA is involved in the last steps of the citric acid cycle, catalysing the transformation of malate into pyruvate, the precursor of citrate formation (Kay and Weitzman, 1987) . Malic enzyme is activated by the accumulation of citric acid cycle intermediates, allowing excess intermediates to leave the cycle and re-enter as acetyl groups, producing more citric acid. Citric acid content is strongly differentiated between Citrus taxa and ranges from 0 . 005 mol L 21 for oranges and grapefruits to 0 . 30 mol L 21 for lemons and limes (Penniston et al., 2008) .
None of the sugar biosynthesis genes exhibited positive selection. It is well known that the total concentration of sugars increases throughout maturation in all Citrus spp. (Albertini et al., 2006) . The null level of non-synonymous divergence at PEPC is consistent with strong selection for conserved amino acid sequences in this gene, which plays a crucial role in such important processes as C4 and crassulacean acid metabolism (CAM) photosynthesis.
In the entire sample set, taking into account only the eight ancestral taxa (excluding secondary species and recent hybrids), NADK2 displayed a non-synonymous/synonymous ratio greater than 1 ( p nonsyn /p syn ¼ 2 . 117 and 2 . 043, respectively). NADK (NAD kinase) catalyses the ATP-dependent phosphorylation of NAD(H) (Berrin et al., 2005) . In A. thaliana, there are three isoforms of NADK. Two isoforms, NADK1 and NAD(H)K3, are cytosolic and one, NADK2, is found in the plastid (Turner et al., 2004 (Turner et al., , 2005 Chai et al., 2005 Chai et al., , 2006 . These isoforms play an essential role in the phosphorylation of NAD(H) and have been linked to plant stress response. Chai et al. (2005) showed that manipulation of AtNADK2 levels affected plastid NADPH levels, and null mutants were stunted, with a pale yellow colour, and were hypersensitive to abiotic stress.
Differences found in the coding regions of NADK2, and thus variations in amino acid sequences between the taxa, might affect the responses of these genotypes to abiotic stresses. Full sequencing of this gene and functional analysis of the different alleles could greatly increase our understanding of the role that this gene plays in increasing stress tolerance in Citrus and its relatives.
For all of the genes discussed here, the sequence data highlight amino acid variability of corresponding proteins that were probably subject to selection. Therefore, these genes are good candidates for further complete sequencing studies (including promoter sequencing) and allelic functional studies to decipher the molecular basis of the phenotypic variability in the species examined.
Despite the previous discussion concerning the possible selective pressure exerted on some of the genes studied, the genetic organization of Citrus obtained from the SNP data ( Fig. 1) is similar to the genetic organization elucidated in previous SSR studies (Ollitrault et al., 2010; Garcia-Lor et al., 2012a) . This suggests that the same basic type of evolutionary components led to the diversity structures of both types of markers. Therefore, a predominantly neutral selection pattern can be assumed for most of the current SNP markers. The minimum Fst value was 0 . 438 at the PIP1 locus and the maximum value was 0 . 814 at the SOS1 locus for the differentiation of the eight taxa analysed in this work, i.e. C. reticulata, C. maxima, C. medica, Papeda, Fortunella, Microcitrus, Eremocitrus and Poncirus trifoliata. This study sheds light on the important differentiation between the taxa and demonstrates that SNP markers are efficient tools for phylogenetic studies and inheritance analysis of secondary species.
Phylogenetic relationships
For a biologically complex crop such as citrus, information obtained from nuclear gene sequences is more useful than the information from maternally inherited plastid sequences (Ramadugu et al., 2011; Puritz et al., 2012) due to the possibility of gene flow between sexually compatible species and the fact that the species belong to the same area of diversification. Previous phylogenetic molecular analyses using plastid markers showed that all true citrus fruit tree species constitute a clade that is differentiated from other genera (de Araújo et al., 2003; Bayer et al., 2009) .
In our study, all accessions of the same species form a clade with mainly high branch support values. Two species in the Papeda group, C. hystrix and C. ichangensis, are closely related. The other species of subgenus Papeda, C. micrantha, is separated from the two previous ones, possibly due to its geographical origin and distribution. The origin of C. micrantha is believed to be in the Philippines, whereas C. hystrix and C. ichangensis are of continental origin, in Burma, Thailand and Indo-China (Tanaka, 1954) . Therefore, Swingle and Reece's (1967) subdivision of the genus into subgenera Papeda and Citrus seems to be inadequate.
An important observation maintained through the ML phylogenetic trees and the NJ cluster analysis is that C. reticulata and Fortunella form a cluster clearly differentiated from another cluster including C. maxima, C. medica and C. micrantha. The close relationship between C. reticulata and Fortunella matches the results obtained by Penjor et al. (2010) based on the analysis of rbcL plastid gene sequences, but it differs from the results obtained from the analysis of amplified fragment length polymorphism (AFLP) molecular markers (Pang et al., 2007) and SSR markers (Barkley et al., 2006) and Swingle and Reece's (1967) treatment of Fortunella. In the ML phylogenetic analysis, Poncirus trifoliata was found to belong to the same clade as C. reticulata and Fortunella with strong branch support (0 . 94). However, in the NJ analysis, P. trifoliata appears as the most distant to all the true citrus fruit tree taxa analysed, in agreement with our estimation of the inter-taxon differentiations. The strongly supported clade (B1; BS ¼ 0 . 96) including C. medica, C. maxima and C. micrantha of subgenus Papeda is also observed in the NJ analysis. However, our results are in contrast to information derived from other studies, including the analysis of nine plastid markers by Bayer et al. (2009) , the analysis of SSR, sequence-related amplified polymorphism (SRAP) and cleaved amplified polymorphic sequences (CAPS)-SNP markers (Amar et al., 2011) , SSRs (Barkley et al., 2006) , and RAPD, SCAR and plastid DNA markers (Nicolosi et al., 2000) . All of these studies suggested that C. maxima and C. reticulata share a clade and are separated from C. medica. The inconsistency with previous nuclear studies may be due to the inclusion of secondary species of interspecific origin in these previous studies, which might have led to the artefactual clustering of the C. maxima and C. reticulata gene pools due to the numerous accessions resulting from hybridization between these gene pools. Our phylogenetic ML analysis (Fig. 1) and the NJ analysis done with the SNPs in the absence of secondary species (Fig. 2) are consistent, whereas the NJ tree that includes the secondary species (Supplementary Data Fig. S1) shows clustering of C. maxima and C. reticulata with low branch support. This illustrates the bias associated with the inclusion of genotypes of inter-taxon origin in NJ cluster analyses. Another source of bias in molecular studies might be the choice of molecular marker type and the genotype panel used for its development. In our study, using Sanger sequencing, all SNPs from all accessions are revealed, so there was no bias towards any of the ancestral species.
The consistent clades observed in the ML phylogenetic study are in agreement with the geographical distribution of species divided by the 'Tanaka line' (Tanaka, 1954) . Fortunella, Poncirus and C. reticulata (clade A2) share the same area of diversification, where subgenus Metacitrus predominates (East Asiatic floral zone) (Tanaka, 1954) , whereas the C. medica and C. maxima clade (B1) is in agreement with the area of distribution where the subgenus Archicitrus, described by Tanaka (1954) , predominates (Indo-Malayan floral zone). Some phenotypic traits differentiate these two clades. For example, Fortunella, Poncirus and C. reticulata are facultatively apomictic with high carotenoid contents, whereas C. maxima and C. medica are monoembryonic nonapomictic species, which have strong limitations in the carotenoid pathway. The speciation between Fortunella, Poncirus and C. reticulata might be explained by their different flowering periods ( precocious in Poncirus and late in Fortunella). However, gene flow probably occurred by accidental, out-of-time flowering. Despite sharing the Indo-Malayan floral zone (Tanaka, 1954) , C. maxima and C. medica are geographically separated, with a more intertropical specialization for C. maxima.
Eremocitrus and Microcitrus were found to be associated in all our analyses. This result is consistent with the conclusions of Barrett and Rhodes (1976) , based on morphological traits, and also with previous molecular phylogenetic analyses (e.g. Bayer et al., 2009) . The phylogenetic placement of these Australian genera among the true citrus fruit trees remains unclear, due to the lack of branch support for the deeper branches in the phylogenetic trees.
Secondary species structure
The origin of secondary species and many recent hybrids formed by interspecific hybridization between the basic Citrus taxa (C. maxima, C. reticulata, C. medica and C. micrantha) has been well documented in several molecular studies (Nicolosi et al., 2000; Barkley et al., 2006; Garcia-Lor et al., 2012a; Ollitrault et al., 2012a) , and the relative contribution of the ancestral taxa to their genomes was estimated by Barkley et al. (2006) and Garcia-Lor et al. (2012a) . However, these two studies were based on SSRs and these estimations could be biased by the frequent homoplasy observed for these markers (Barkley et al., 2009) . The genomes of secondary species can be considered to be mosaics of large DNA fragments of ancestral species that resulted from a few interspecific recombination events (Garcia-Lor et al., 2012a). However, the phylogenetic structures of secondary species in concrete points of the genome remain obscure. For C. sinensis, C. aurantium, C. paradisi and clementine, previous molecular studies (Nicolosi et al., 2000; Barkley et al., 2006; Garcia-Lor et al., 2012a; Ollitrault et al., 2012a ) also showed that intra-taxon diversity resulted only from mutation and/or epigenetic variation without further sexual recombination events. Therefore, these species generally present low or null molecular intercultivar diversity for genetic markers such as SSRs or SNPs. Such low molecular diversity was confirmed in this work for secondary taxa for which two cultivars were sequenced (C. sinensis, C. aurantium and clementine). Due to this intra-secondary taxon diversification history, most of the conclusions about the mosaic structure inferred from one or two genotypes should be extended to other cultivars of the same secondary species.
Clementine is believed to have resulted from a cross between mandarin 'Willow Leaf' and sweet orange (Nicolosi et al., 2000; Ollitrault et al., 2012a) , which means that there were contributions from both the C. reticulata and the C. maxima gene pools . From the analysis of 27 genes, the observation that there was a majority of mandarin/mandarin phylogenetic homozygosity and very little mandarin/pummelo heterozygosity is in agreement with this hypothesis. The proportion of the pummelo genome estimated from these 27 sequences (16 . 7 %) is higher than that estimated from SSR markers (7 %) by Garcia-Lor et al. (2012a) .
Several hypotheses have been proposed for the origin of C. sinensis. According to Barrett and Rhodes (1976) , Torres et al. (1978) , Scora (1988) , Nicolosi et al. (2000) and Moore (2001) , sweet orange should be a direct interspecific hybrid between a pummelo (C. maxima) and a mandarin (C. reticulata), whereas Roose et al. (2009) and Garcia-Lor et al. (2012a) suggested that C. sinensis resulted from a backcross 1 (BC 1 ) [(C. maxima × C. reticulata) × C. reticulata)]. The identification of interspecific phylogenetic heterozygosity MP and phylogenetic homozygosity PP and MM (Table 6 ) in the C. sinensis genome contradicts these two models. Indeed, the presence of both types of phylogenetic homozygosity (reported for the first time for pummelo homozygosity) implies that both parents of sweet orange were of interspecific origin. The presence of intraspecific heterozygous SNPs for some genes in phylogenetic homozygosity (EMA and HYB; data not shown) also contradicts the hypothesis that C. sinensis resulted from an F 2 interspecific hybrid (selffecundation of an interspecific F 1 ).
Sour orange (C. aurantium) is thought by some authors to be a natural hybrid of a mandarin and a pummelo (Scora, 1975; Barrett and Rhodes, 1976; Nicolosi et al., 2000; Uzun et al., 2009) . The interspecific heterozygosity (MP, Table 6 ) observed for all interpretable loci is in agreement with this hypothesis. However, specific SNP alleles were found in C. aurantium, indicating that the parental pummelo or mandarin was not part of the germplasm analysed and that sweet orange and sour orange were not related as considered by some authors.
Grapefruit (C. paradisi) is thought to have arisen from natural hybridization between C. maxima and C. sinensis in the Caribbean after the discovery of the New World by Columbus (Barrett and Rhodes, 1976; de Moraes et al., 2007; Ollitrault et al., 2012a) . The results obtained in this study help to confirm this theory, as many loci were homozygous for the C. maxima genome and other loci showed interspecific heterozygosity (MP, Table 6 ). Nicolosi et al. (2000) proposed that Mexican lime (C. aurantifolia) is a hybrid between C. medica and C. micrantha. This theory fits with our data for 23 out of 27 genes. For three genes, it was not possible to decipher the mosaic structure and for the gene leading to a CC conclusion it should be supposed that PCR competition resulted in an apparent Papeda null allele (C0). The tri-hybrid origin (C. medica, C. reticulata, C. maxima) accepted for C. limon (Nicolosi et al., 2000; Barkley et al., 2006; Garcia-Lor et al., 2012a) was confirmed by our sequence data for lemon 'Eureka', which has contributions from its ancestors (C. medica 50 %, C. reticulata 38 . 46 % and C. maxima 11 . 54 %, Table 6 ) that are similar to those described by Garcia-Lor et al. (2012a) . Moreover, the systematic presence of a C. medica allele and the fact that lemon shares heterozygosity with some rare sour orange alleles support the hypothesis proposed by Nicolosi et al. (2000) that lemon resulted from direct hybridization between C. medica and C. aurantium.
Both tangors (C. reticulata × C. sinensis) and tangelos (C. paradisi × C. reticulata) were bred from recombination between the C. reticulata and C. maxima gene pools. The SNP pattern for tangelo 'Orlando' originating from a controlled cross between a grapefruit and mandarin 'Dancy' (Hodgson, 1967) with both mandarin and pummelo allele inheritance is logical. Our results also confirm that the tangor 'King' classified by Tanaka (1977) as C. nobilis is most probably a tangor with at least one mandarin allele for each gene and MP heterozygosity inheritance for some genes.
With the next release of the pseudo-chromosome sequence assembly of the reference haploid clementine genome (Gmitter, 2012) , the assignation of the phylogenetic origin of these 27 genes will contribute to deciphering of the interspecific mosaic genome structure of the secondary species. Moreover, this allelic assignation in genotypes of interspecific origin, coupled with further analysis of functionality of the alleles of the different ancestral species, will provide a promising pathway for understanding the molecular basis of phenotypic variability in this highly stratified gene pool in which the organization of phenotypic and molecular diversity is closely linked.
CONCLUSIONS AND PERSPECTIVES
Sanger sequencing of 27 nuclear gene fragments for 45 genotypes resulted in the identification of a large number of molecular polymorphisms (1097 SNPs and 50 indels). For the indels, half of the mined polymorphisms have been used to define new markers. A significant number of the mined SNP loci could be converted into efficient markers to perform highthroughput genotyping studies that will be important for the management of Citrus collections and marker/trait association studies. The nuclear phylogenetic analyses of Citrus and its sexually compatible relatives showed coherence with the geographical distribution and differentiation proposed by Tanaka (1954) , with C. reticulata and Fortunella appearing to be closely related. A cluster that joins C. medica, C. maxima and the Papeda species C. micrantha was consistently revealed.
In the near future, by using the entire Citrus genome as a reference and resequencing data from the main secondary species, the resulting estimations of the relative levels of within-and between-taxon differentiation will be useful for deciphering the interspecific mosaic structure of Citrus secondary cultivated species and modern cultivars. The present study has allowed us to assign a phylogenetic inheritance of the genes that were examined for most of the genotypes of interspecific origin under study. One of our major results concerns C. sinensis, which has alleles of three genes that appear to have been inherited solely from the C. maxima gene pool and alleles of eight genes that appear to have been inherited from C. reticulata. This result contradicts the hypothesis that C. sinensis originated directly from F 1 or by BC 1 hybridization between the C. maxima and C. reticulata gene pools. However, our study confirms previous hypotheses concerning the origins of the other secondary species.
Positive selection was observed for a few genes within or between the species studied, suggesting that these genes may play a key role in phenotypic differentiation. These genes are therefore major candidates for future studies, including complete gene sequencing and functional analysis of different alleles to analyse the molecular basis of the phenotypic variability of corresponding traits.
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